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AngularCm3trilDutiDncausedbymu1tiPUescatbeⅡingmUme団na1lanedeaPPⅡmdnmonhasbeencalculaM,aoomthgto一》一》》
combinaIjonsofpmjectj1esandtargetsandcomparedwmlsevemle叩emDentahesmts．
Keywm曲:muhiplescat力emg;stat鋤calmodeLnlomas-FbrmiMoIierepotentiaLelasticcomiSdon
agreementwiththeomy；howeverdeviationswere 
ObtainedガコrtheotllereXperiments［５１１１１e
inhmaUonontheaboveliberaturewasintmduced 
byHHAndersenetal.[６１Manyautllorsllave 
presenbedmultjplescam氾ringtheories[7-9,12,131
andreviewarlicleshavebeengivenbyScott[101m 
l963andSigmund[11]ｍ2004.USdngsmanangle 
approximatjon,Moliere[71Ｍeyer[81andSigmund 
andWinterbon（ＳＷ）udeveloIpedwemknown 
analylicalhmulae・MeyerandSWmadeuseofthe
dif63renualscatteIingcmsssectionbasedon 
TYlomas-Lrmi(ILF)modelWhicllwasdevelopedby 
ljndhardetal.[l4JOntheotherhand,Goudsmit 
andSaunderson［l2landLewis［l3ltreated 
tlleorieswithoutsmanangdeappmximation、
ＴＩ]epresentpaperreportsontheoreIicalstudies 
ofmultjplescatteringbasedonSWD.Insection2， 
llntmdmction 
Theangularbroadeningofthebeamtakesplace 
afteraweU-oollimatedionbeampassestllorouglla 
foiLSigniHcantdehectionsoftrajectoryofeach 
incidentparlicleresultmainlyhommu11iple 
nuclearcollisionsbecauseelectlonicscattering 
generauydoesnotcausedenections・Ｔｈｅ
informationofmultiplescatteriｎｇｉｓｏｎｅｏｆｍａｍ 
】ssuesmatomicandnuclearphysics・Forexample，
mtheregionofbeamfDjlSpectroscopy；muniple 
scatteringisoftenanundesdrablephenomenon・Tl]e
angulardjvergenceandlateralspreadofbeamma 
targeMoilhavetobeconsideredmtheconstruction 
ofanapparatusbecauseofdiminishingthe 
resolulionoftheexperimentJromatheoretical 
pointofview）tllescreenedionFaiDmpotentialis 
estimatedbymultiplescatteringappmach 
SofarmuhiplescatberinghasbeeninvestigaLed 
eXperhnentaUyandtlleoreticaUyGFbrmany 
combinaUonsofprCjecUlesandtargets， 
e]qDerimentalmuhjplescatteringdatahavebeen 
Obtained[1-3,5]mtheincidentenergyrangeshm 
l4keVto7.2ＭｅＶａndfDrthecomhinationsof 
incidentionswitllabomicnumberZ1HDrl≦Ｚ1三１８
andtargetatomswithatomicnumberZ2fDr6≦Ｚ２ 
≦２８．Someexperiments［1-3］showedgood 
anelasticscatteringcrosssectioｎａｎｄａｍｕｈｉｐｌｅ 
scatteringhmulaaredescribedontｈｅｂａＥｄｓｏｆ 
ｌｊｎｄｈａｒｄｅｔａＬａｎｄＳＷｒｅｓｐectiyelyGn1e 
tlleomCticalresultsofpresentapprDachare 
comparedwithseverale叩erimentalresultsmSec、
3． 
2.ＴＬｅｍｙ 
2.1DifHbrentialelas位cscatteringcrosssection
lnthjssection,weintroduoeascatteringcross 
2２ SeijilKEGAMIandToshiakiKANEKo 
sectionofbmarycollisiontocalculatetheangular 
distribulionofmultiplescatteringlhediB6erential 
crosssectionofelasIjccollisioncノケbasedontlle
methodderi7edbyljndhardetal.[14]isusedm 
thispapeⅢIjndhardetaLObtained巾by
classicalmechanicsandtheircalculalionwasbased 
ontheinteratomicpotentialofTIlomas-唖rｍｉ
ｍｏｄｅｌ 
八ｊＸ）dimenBional variables lYlefimction ｎｏｎ． 
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鰯(二）P(,)=聖三 (， ＬＢＯ５１．Ｅ-031.Ｂ０１１．Ｅ+０１１．Ｅ+０３ ７ 
rＩｐ 
Whereeistheelementarycharge,γiethedistanoe 
betweennuclei,aisascHeeninglengthandWγtOis 
thesclBcningfiJnctionByconsideringtherelationship 
betweensmanscatteringangleOandtheimpact 
parameterpbymeansofmpulseappmximaUon， 
mthecenberofmasssysbem(C・Ｍ・Ｓ.),lheS/showed
thefxmula， 
Ｈ9.1.n1ecomparisonofscatteringfimctions 
ca1culatedbyljndhardetaｌ［131（opensquaⅡes)， 
Ｍｅｙｅｒｌ８１ｂｐｅｎ位ianedes)，ＳＷｌ９Ｉ（opencimles)，
MuellerM(asberiskJwiththepIcsentresulMgolid 
line） 
esUmatednumericaUybyusingaTIlomas-LrnU 
nLF）potential． ，÷(筈） ② 
TT1efUnction，バノ%），isdependentupon
interactionpotenlial、Meyer[81,ＳＷｐ，and
MueUer[l5Msoevaluated′(/%).Meyermadeuse 
ofaTFpotentialandSWusedathree-parameter 
HomPm，whicllrepresentsvar1ousinteratomic 
potentia1s・MueUerdeIivedahtUngfDrm，which
describesTLF-Molierepotential・Inthepresent
treatment,ILF-Molierepotenlialisemployed・me
comparisonwiththem通shownmFHg，１．nle
fimctionハノ%）mourcaselse】qOressedas
where 
厩(筈附岬)卜(歳司）③
‐為燧(命)｝
６=処２２．
Ｅ 
Ｈｅｒｅ６ｉｓｔｌ]ecomiEdondiametermRutherfDrd 
scatteringandEisthekineticenergyofapartide 
withthereduoedmass.、】ey;then,rePlacedmeq．
②owiih2sin修）me岬axnsmnwa・
perfDrmedontllegroundsthatthecaseofuEdng 
powerlawpotentialprovidedtheoomeE1Dondenoe 
betweenanalylicalfDrｍulaeofsmallangleand 
wideangde・TI]ecrosssectionisHnalh7writtenas
mlows， 
巾=耐ｒ） （４） ２２％， 
,伜｛
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/Ｍ壽士1妖沁鰄兎 （ｌＤ 
ｍだ)壽士1町Ｍ)パＸ＝ｐ/α、Ineq.(7),thevaluesofparametersareaz＝0.10, 
α２＝０５５，α３＝６．０，βz＝６．０，β２＝1.20,β3＝ 
0.30. andtheneq.(10)becomesthedif6erennaleqUation 
2.2Mullip】escattering
Weoonsidertheangulardislributionofions 
penetratingafbilofthicknessjr・HefDrmulaof
muhiplescatteringisbasedonthetheoryofSW[９１ 
TIleangulardistribuljonatx＋axchangeshPom 
thedisIribulionatJcaftertheparticlestraveled 
ajcmthemattemll1erearetwophenomenathat 
someparlicleschangeitsdjrectionsduetonuclear 
mUisionsandtheotherswithoutnuclearcollisjon・
Tlledistributionatx＋ａｊｃ，therefDre，ｉｓｔｈｅ 
ａ'(x,k） =-Ｗ舟)1ｺ｡(`)１－Ｇ脚ｌ('2）＆ 
lY1esoIutionoftheaboveequationis 
ル,尻)=ce-"川ｴ，
｡(Z)=化｡(`)['-.脚］
⑪
⑲
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andusingtheinitialcondition,／(0,α)＝５(α),we 
Obtain 
C＝/(0,Ａ)， 
１ （15） 
２汀
● :lbllowingeXpress]Loｎ 
/(灘+（Ｍ)="&1tオヶ(丘'→丘)/Ｍ）
+[Ｍ&肱(ｂＭ')仲)，
⑨ 
lneq.(11),integralingammutllalanedeanduＳｉｎｇ 
力(`)＝Ｏ(`)｡、＝Ｏ⑰)`”伽,wehndwhere丘ａｎｄ"arethetwodimensdonalanglesand〃isthenumberofatomsperunitvOhune・Four
assumptionsareusedhere.①neglectofenergyloss， 
ODbinarycolliSionwithammuthanyE57mmetrical 岬剛z{1-±膨醐］
＝肺(`)[l-Jb(脆`)]，
scattermg,(IIDsmallscatteringanglemeacllevent 
ofcoUisionand□V）randomhomogeneous 
distributionofscal丈eringcentersmspace・n1e
dimeIentialscatteringcrosssectiontllerefbre，is 
oonsideredasafimclionoftherelativedeUection 
lJ|=|〃"|ｂｅ…｡fammuthal`Wmmetmy
Congideringtl1elimjt，dic→０，ｗｅｇｅｔ 
(1① 
whereJ6昭thezero-orderBesselfimcUonofthehrst
kindlnsertingeq.(13)ｍｅｑ.(1,,wegetbythe 
samemannerasA(ん）istreated
〃は,丘） ="1.＠(`)[/Ｍ)-'Ｍ十J)】('0） '＠ル声ﾕﾙ罰魍嶮＆ 
Herewedehnethetwo-dimensionalFburier 
translbrmationasfbUows 
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臺歳ii伽1αw……し
=上i伽Mbv｡(たα】２汀ｏ
（17） 
0.8853ａ。 (20) αＦ＝ (ｚｌＭ７， 
0.8853ａ。 (21） ａＬ (z;''十z;ヅ
0.8853α・ （22） α趣＝(z1麺+z:露）
WeadoptaLmthepresentstudy5 
3・ReSultSandDiBGun卿onB
Inthissection，ｔｈｅｒｅｓｕｌｔｓｏｆｅｑ．（1aare 
oomparedwithseverale印erimentalresults・ＡＵｔｈｅ
ｍｅａｓｍ℃dandllleorelicaldistnbulionＢａｒｅ 
USdngthedjHerentialscatteringc、sssection
Showedbyljndllardetal・andthesmallangde
approxhnation,wecanrewribeeq.(17)asfDllows 
ＣＤ 
/i(『腓1伽-州』｡(za;)，
0 
(18） 
where 
normalizedtothemaximumvalue・mescattering△②-i1"響[川`J)｝ distributionおObtainedasafUnctjonofthereducedtlmlmessandreducedanEde・TTlereducedthickness
includesthescIeeninglengtlla,whichhasbeen 
calculatedaccordingtoljndhardetaL[l411nthe 
reducedunjts，theresultsofcalculationsare 
independentoftheincidentenergyofparticles,ｂut 
dependuponthereducedthidmess、Hence，fDr
diB6brentcombinationsofZ1,Ｚ2,andincidentenergy 
E,,thesameangulardistributionsa１℃Obtainedm 
caseofthesamer巳ducedthidImesS-
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ｓ①ロヨ雪昌・ロ）ら目、ロ①冒閂
Here,Ｅﾉistheenergyofincddentparlicle，『is
thereduoedthiclmess，aisthetotalscattering 
anEde,aisthereducedscattermgangdeandzis 
thenon-dimenEdonalvariable・Ｗｅｎｏｔｅｔｈａｔｔｈｅ
ｆ｡rmulaofthescatberingdistributionmreduced i=ロー＝scatteringangleisindependentoftheenergyof prcjecli1es・ＴＩlerearevanousscreenmglengths，α８，αF， 
1０ 1５ ０ ５ 
αＬａｎｄａｍＬ,prDposedbyBOhr[l61Firsov[17］ 
IjndhardetaLMandZieEderetal．［18］ 
reS1DectivelyBofthefDUowingfDrms： 
‘‘-(z:,睾二:γ, （19） 
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ｌｎＨｇ､２，３ａｎｄ４，themeasuredscattering 
distributionsof50keVprotonm，５４keVargon[2】
and7.2MeVneonMpassingtl]rougllniclKel， 
alnminumandcarbonfDilswiththetl]ickness 
201Leｿbｍ2,2.51Lglcm2andl21leｿbm2,resIpective]y;are 
Shownbyopencirdes・Alsotheoomesponding
theoreticalresultsareShownbysolidlines・Wehave
t21EenoutmeasuredvalueｓｆＤｒｔｈｅａｂｏｖｅｔｈｒｅｅ 
Ｓ①固■雪冨。ｐ）崗君のロ①冒閂
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 e】qDerimentshomthehberaturewrit力eｎｂｙＭＯＵｅｒ
etaLU・Ｔｌ]ereader;therefDre,isrecommendedto
seetheoriednalreports[1-311ntheabovethree 
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聴
em1ainverywellthetrendofthee]qperimentaldata・
ＩｎＨｇ､2,wehavenotemployedthescreeninglength 
aoftwoatomsbutsin8deatom,becauseprotonhas 
noboundelectrmLNamely;htheoombinationof 
pmbonandnickeLthescreeninglengthqhasbeen 
calculabedmthecondilionthatZ1iszero． 
FbrnincidenceonALCoandSitargets[fiLis 
HDunddisag国eement,WhnefDrlheoombinatjonofIj
andC,theｅ]qQerimentalandtheoIeticalresultsare 
magreementasshownmEH9.5ａｎｄ６Ａｓｐｏｉｎｔｅｄ 
ｏｕｔｍｔｈｅｐｒｅｖｍｕｓｓｅｃtion,mreducedscattering 
angde,theangulardistributjonisindependentofthe 
energyoftheincidentparticlesbutdependentupon 
measuredat 
ontheuniqUe 
thereducedthiclmess・nleresults
dimerentenergiesmH9.5ａｎｄ６１ａｙ 
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curves,respectivelyHlef〕ilthiclKnessesofALC,Co
andSiarel70,155,210and700[AlreSpectively8In 
FYg､５ａｎｄ６，ｔｈｅｍeasureddatabPdiBlbrent 
energ]esareinbermingleCLandtherehewｅ 
ｒｅｃｏｍｍｅｎｄｔｈｅｒｅａｄｅｒｔｏｒｅｆｂｒｔｏｔｈeoriginal 
papers[5lhPdetailede叩erimentalresults．
distributionfimc位on・ＨＨＡｎｄｅｒｓｅｎｅｔａｌ.［6］
suggestedthatthee]qDerimentalresultsshowed 
narrowerdistributionsthantheoreticalonesmcase 
ofthetargetmmincludinggpPainshugerthanor 
approximabelyequaltolOO[Aｌ 
4.IChmClnRion 
TLetheoreticalresultsmtllispaperare 
ae騏eementwiththepublishede｡qDerimentaldata
whentheMowingoombinationsofprCjectilesand 
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（で①Ｎ【百目角三）夙渭、ロ①旨閂
刀 targetsareused:p-NLNe-ALAr-Candlj-OOn 
lheotherhand,therearediscrepanciesbetweenthe 
calculateddataande叩erimentalonesh
oombinationoflj=ALIj-Coandlj-Si・
WecansaythatitisusefhltoapplyTF-Moliere 
potentjaltothemultjplescatteringtlleoIyofSW 
andagreementbetweenemerimentaland 
theoreﾛcalresultsiSObtainedwhilebPsome 
oombinalionsofZ1andZ2thediB6erencesbetween 
themareshoｗｌＬ 
0０ 0.2 0.4 0.6 0.8 1.0 
ReduCedscatteringangle 
Ｈｇ６．Scatteringdistributionoflithium 
位ansmittedthmu8dla210AcObalthland
7mAsUiconfbiLOPencdrdesandopen 
squarescorrespondtothee】qDerimental
r巴su]tson〔bandSLIespectjve1y;Obtajned
bySchwabeetal[５１Ｔｈｅsolidlineand 
da8hedlinedenotethepresentlBsUltMbr 
CbandEM,Iespec⑰J7e１３ｍ]everljcalandthe 
horizontalaxesarethenorma1izedintensity 
andthereduoedscatteringan8de， 
rEsI〕ectjvelyneincidentener厚ｅｓａｒＭ８，
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